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Improved p-type thermoelectric materials, a process for their manu-

facture and uses thereof

Technical field

5

The present invention relates to thermoelectric materials of the p-type having the

stoichiometric formula Zn4Sb3, wherein part of the Zn atoms optionally being substi-

tuted by one or more elements selected from the group comprising Mg, Sn, Pb and the

transition metals.

10

Furthermore the present invention relates to processes for the manufacture of such

improved thermoelectric materials, use of such thermoelectric materials for the manu-

facture of thermocouples, thermocouples comprising such thermoelectric materials,

use of thermocouples for the manufacture of a thermoelectric device, thermoelectric

15 devices comprising such thermocouples and uses of such devices for thermoelectric

purposes.

Background art

20 Thermoelectric materials have been known for decades. By arranging a so-called p-

type thermoelectric material and a so-called n-type thermoelectric material in couples,

termed thermocouples, it is possible to convert heat into electric power or to create a

temperature gradient by applying electric power.

25 A thermocouple accordingly comprises a p-type thermoelectric material and a n-type

thermoelectric material electrically connected so as to form an electric circuit. By ap-

plying a temperature gradient to this circuit an electric current will flow in the circuit

making such a thermocouple a power source.

30 Alternatively electric current may be applied to the circuit resulting in one side ofthe

thermocouple being heated and the other side of the thermocouple being cooled. In

such a set-up the circuit accordingly fimctions as a device which is able to create a

temperature gradient by applying electrical power.

SUBSTITUTE SHEET (RULE 26)
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The physical principles involved in these above phenomena are tiie Seebeck effect and

the Peltier effect respectively.

In order to evaluate the efficiency of a thermoelectric material a dimensionless coeffi-

5 dent is introduced. This coefficient, the figure of merit, ZT is defined as:

ZT = S2oT/k,

- wherein S is the Seebeck coefficient, a is the electrical conductivity, T is the absolute

10 temperature, and k is the thermal conductivity. The figure of merit, ZT is thus related

to the coupling between electrical and thermal effects in a material; a high figure of

merit of a thermoelectric material corresponds to an efficient thermoelectric material

and vice versa.

15 The techniques relating to the manufacture of thermocouples fi-om thermoelectric ma-

terials as well as the manufacture of thermoelectric devices from such thermocouples

are well documented in the art. See for example Thermoelectric Handbook (ed. Rowe,

M.), CRC Press, Boca Raton, 1995 and Thermoelectrics - Basic Principles and new

Materials Developments, Springer Verlag, Berlin, 2001, which are hereby included as

20 references.

Traditionally thermoelectric materials have been composed of alloys, such as BijTcj,

PbTe, BiSb and SiGe. These materials have a figure ofmerit of approximately ZT = 1

and operate at temperatures of200 to 1300 K.

25

Further improvements appeared with the introduction of alloys of the Te-Ag-Ge-Sb

(TAGS) type which exhibit ZT-values of approximately 1.2 in the temperature range

of 670 -720 K.

30 Recently new types of materials were made with alloys of the Zn4Sb3 type. Caillat et

al. in US 6,458,319 Bl disclose p-type thermoelectric materials of the formula Zn4.

^Sb3.yBy, wherein 0 < x < 4, A is a transition metal, B is a pnicogen, and 0 < y < 3.

The materials are disclosed as bemg siiigle phased hexagonal rhombohedral. The
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thermoelectric materials were manufactured as a single crystal prepared in accordance

with a gradient freeze technique using a Bridgman Two-Zone furnace.

By this method however the material obtained tends to contain macro-cracks originat-

5 ing from the cooling of the material. Alternatively a "single phase", polycrystalline

material was obtained using a powder metallurgy method in which the metals are re-

acted in a sealed ampoule at elevated temperature whereafter the resulting powder was

hot-pressed at 20,000 psi and 350 °C. The materials exhibit acceptable high figures of

merit. For example US 6,458,319 Bl discloses, that a ZT of 1 at a temperature of 250

10 °C could be obtained for Zn4Sb3 (cf column 11, lines 13 - 16). Alternatively, the

Zn4Sb3-type materials may be prepared by a quench method wherein the elements

making up the composition are melted in an ampoule for 2 hours at approximately 750

°C followed by quenching in water and hot-pressing (cf. Caillat et al., J. Phys. Chem.

Solids, Vol. 58, No 7, pp. 1119 - 1125, 1997.

15

The known thermoelectric materials of the composition Zn4Sb3, in which part of the

Zn atoms optionally has been substituted by other dopant atoms, however has the dis-

advantage, that although initial high figure of merits can be obtained, these figure of

merits cannot be maintained at the same level when the material is repeatedly sub-

20 jected to an increase and decrease of the surrounding temperature. That is, if the ther-

moelectric material is thermally cycled, i.e. repeatedly subjected to an increase and

decrease of the surrounding temperature, which inevitably will happen when used in

thermocouples, the figure of merit will decrease with each cycle imtil its reach an es-

sential stable value which is considerably lower that the initial value obtained.

25

This fact is also confirmed in US 6,458,319 Bl, in which it is stated that at tempera-

ture above 250 "C, some decomposition occurred leading to the formation of a ZnSb

crystal structure in the samples (cf. column 10, lines 17 — 21). Once a decomposition

to ZnSb has occurred in a part of the material, the material has lost some efficiency in

30 terms of the figure of merit. The presence of a ZnSb phase in the material will ftir-

thermore during thermal cycling make the remaining correct Zn4Sb3 phase more prone

to decomposition to the undesired ZnSb phase, because the ZnSb phase already pre-

sent may act as "crystal seeds" for fiirther decomposition, in any event, once decom-

position has occurred with accompanying "loss" of figure of merit, the original figure
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of merit cannot be re-established and diiring thermal cycling it is inevitably that the

figure ofmerit will continue decreasing until an essential constant value is obtained.

The effect of ZnSb impurities has been studied by L. T. Zhang et al. (J. Alloys and

Compounds 2003, 358, 252-256, "Effects ofZnSb and Zn inclusions on the thermoe-

5 lectric properties of p-Zn4Sb3") and they conclude that ZnSb and Zn impurities de-

grade the thermoelectric properties. In particular it is stated in this document that:

"contrary to a previous paper [T. Caillat et al, J. Phys. Chem. Solids 58 (7) (1997),

1119], p-Zn^Sb^ was found to be not so stable under vacuum when heated to high

temperatures, mainly because of Zn evaporation"
,
(square bracket being added by

10 AppUcant), cf L. T. Zhang et al. J. Alloys and Compounds 2003, 358, 252-256, page

253, paragraph 3.2, line 1).

Hence, it is evident, that the prior art Zn4Sb3 materials are not stable when subjected to

thermal cycling.

15

Accordingly, a need for further improved thermoelectric materials of the composition

Zn4Sb3, in which part of the Zn atoms optionally has been substituted by other dopant

atoms and for which the decrease in the figure of merit during thermal cycling, is re-

duced, still exists.

20

Thus it is an object according to one aspect of the present invention to provide im-

proved p-type thermoelectric materials having the stoichiometric formula Zn4Sb3,

wherein part of the Zn atoms optionally being substituted by one or more elements

selected from the group comprising Sn, Mg, Pb and the transition metals, and wherein

25 the thermoelectric materials exhibit a high degree ofphase purity.

A further object according to a second aspect of the present invention is to provide a

process for the manufacture of such improved thermoelectric materials and to provide

a method for the phase purification of an already existing thermoelectric material.

30

Another object according to a third aspect of the present invention is the use of such

thermoelectric materials for the manufacture ofthermocouples.

SUBSTITUTE SHEET (RULE 26)
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Yet another object according to a fourth aspect of the present invention is the provi-

sion of such thermocouples.

Still another object according to a fifth aspect of the present invention is the use of

5 such thermocouples for the manufacture ofthermoelectric devices.

Yet a still further object according to a sixth aspect of the present invention is the pro-

vision of such thermoelectric devices.

10 Finally as an eighth aspect of the present invention is the use of the above devices for

thermoelectric purposes.

Brief description of the invention

15 The present invention relates to a thermoelectric material of the p-type having the

stoichiometric formula Zn4Sb3, wherein part of the Zn atoms optionally being substi-

tuted by one or more elements selected from the group comprising Sn, Mg, Pb and the

transition metals in a total amount of 20 mol% or less in relation to the Zn atoms;

wherein said material in respect ofZT qiiality as expressed by the figure of merit, ZT,

20 being stable after thermal cycling; and wherein said material exhibits a figure of merit,

ZT of 0.5 or higher at 350 °C and/or of 0.6 or higher at 400 °C.

The present invention also relates to a thermoelectric material of the p-type having the

stoichiometric formula Zn4Sb3, wherein part of the Zn atoms optionally being substi-

25 tuted by Mg and/or Pb in a total amount of 20 mol% or less in relation to the Zn at-

oms.

Furthermore, the present invention relates to a process for the manufacture of a ther-

moelectric material according to the present invention comprising the steps:

30

i) arranging a rod of a "non-stoichiometric" composition consisting ofZn and Sb and

one or two "feeding rods" having a composition according to the material of claim 1

in such a way that at least one interface is formed between said "non-stoichiometric"
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composition and said "feeding rod(s)", thereby fonning an arrangement composed by

said rods;

ii) placing the arrangement obtained in step i) in an enclosure and closing and prefera-

5 bly also evacuating said enclosure thereby forming an ampoule;

iii) placing the ampoule obtained in step ii) in a furnace, such as an induction furnace

in such a way that a heating zone is positioned near the rod of the "non-

stoichiometric" composition;

10

iv) heating the rod of the "non-stoichiometric" composition in order to start melting

said rod, thereby forming a melting zone;

v) moving the arrangement relative to the heating zone in order to move the position

15 ofthe melting zone ofthe rod arrangement in a direction towards a "feeding rod";

vi) allowing the arrangement to cool;

vii) cutting off the part(s) of the arrangement originating from the "feeding rod(s)",

20 and grinding and hot-pressing the remaining part.

The present invention furthermore relates to a method for the phase purification of an

already existing thermoelectric material and it also relates to uses of a thermoelectric

material according to the present invention for the manufacture of thermocouples,

25 such thermocouples comprising one or more p-type thermoelectric materials according

to the present invention, uses of such thermocouples for the manufacture of thermoe-

lectric devices, such thermoelectric devises and uses such thermoelectric devices for

thermoelectric purposes.

30

Brief description of the drawings

Fig. la shows tiie effect on Seebeck coefficient during thermal cycling of a thermoe-

lectric Zn4Sb3 material made by a process in analogy with the prior art quench method.

SUBSTITUTE SHEET (RULE 26)
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Fig. lb shows the effect on electric conductivity during thermal cycling of a thermoe-

lectric Zn4Sb3 material made by a process in analogy with the prior art quench method.

Fig. 2 shows the decrease of the ZT-value during thermal cycling. In the right hand

5 side the curves represent from top to bottom: first heating cycle, first cooling cycle,

second heating cycle, third heating cycle, second cooling cycle, third cooUng cycle.

Fig. 3A and 3B show the distribution of Seebeck coefficients of a zone refined Zn4Sb3

sample where the pulling speed during zone refinement of the sample was too high.

10 The sample subjected to zone refinement was made by a process in analogy with the

prior art quench method.

Fig. 4 shows the distribution of Seebeck coefficients of a zone refined Zn4Sb3 sample

where the pulling speed during zone refinement of the sample was too low. The sam-

15 pie subjected to zone refinement was made by a process in analogy with the prior art

quench method.

Fig. 5 shows the distribution of Seebeck coefficients of a zone refined Zn4Sb3 sample

where the pulling speed during zone refinement ofthe sample was correct. The sample

20 subjected to zone refinement was made by a process in analogy with the prior art

quench method.

Fig. 6 shows the distribution of Seebeck coefficients of a zone refined Zn4Sb3 sample

doped with Mg.

25

Fig. 7 shows an x-ray powder diagram of a zone refined Zn4Sb3 sample where the pull-

ing speed during zone refinement ofthe sample was too high. The sample subjected to

zone refinement was made by a process in analogy with the prior art quench method.

30 Fig. 8 shows an x-ray powder diagram of a zone refined Zn^Sbj sample where the pull-

ing speed during zone refibaement of the sample was too low. The sample subjected to

zone refibieanent was made by a process in analogy with die prior art quench method.

SUBSTITUTE SHEET (RULE 26)
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Fig. 9 shows physical data of a quenched (lower curve) and a zone refined (upper

curve) Zn4Sb3 sample respectively which have bolh been thermally cycled. The Zn4Sb3

quenched material was made by a process in analogy with the prior art quench

method.

5

Fig. 10 shows the distribution of Seebeck coefficients of a quenched Zn4Sb3 sample

doped with Cd.

Fig. 1 1 shows shows the distribution of Seebeck coefficients of a quenched Zn4Sb3

1 0 sample doped with Mg.

Fig. 12 illustrates the improved properties in terms of "loss" of figure of merit in re-

spect of a zone refined Zn4Sb3 sample compared to a Zn4Sb3 sample which has not

been zone refined. Curve la represents a Zn4Sb3 sample before thermal cycling and

15 curve lb represents the same sample after themaal cycling. The sample was made in

analogy with a prior art quench method. Curve 3a and 3b represent a zone refined

Zn4Sb3 sample measured before and after thermal cycling respectively, and curve 2a

and 2b represent a zone refined Zn4Sb3 sample in which additional Zn was added dur-

ing hot pressing, measured before and after thermal cycling respectively

20

Fig. 13 shows an x-ray powder diagram of a quenched Zn4Sb3 sample made by a proc-

ess in analogy with the prior art quench method.

Fig, 14 shows an x-ray powder diagram of a zone refined Zj^Sbj sample.

25

Fig. 15 shows physical data of a zone refined Zn4Sb3 sample which has not been ther-

mally cycled. The sample subjected to zone refinement was made by a process in

analogy with the prior art quench method.

30 Fig. 16 shows an x-ray powder diagram of a zone refined Mg-doped Zn4Sb3 sample.

Fig. 17. shows the set-up for measuring Seebeck coefficients of a thamoelectric sam-

ple.

SUBSTITUTE SHEET (RULE 26)
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Fig. 18 shows the phase diagram of a material having the composition AB and having

a phase diagram showing a peritectic reaction.

Detailed description of the invention

5

The inventive thermoelectric material

It has now been foxmd that the above mentioned reduction in the figure of merit under

thermal cycling at least partly can be assigned to degree of phase impurities in the

10 thermoelectric material.

According to one aspect of the present invention a thermoelectric material of the p-

type having the stoichiometric formula Zn4Sb3, wherein part of the Zn atoms option-

ally being substituted by one or more elements selected firom the group comprising Sn,

1 5 Mg, Pb and the transition metals in a total amount of20 mol% or less in relation to the

Zn atoms, is provided.

The thermoelectric materials of the p-type according to the present invention are in

terms of ZT quality stable after thermal cycling; and said materials exhibit a figure of

20 merit, ZT of 0.5 or higher at 350 °C and/or of 0.6 or higher at 400 °C.

The materials of the present invention have turned out to exhibit a high degree of

phase purity in the sense that compared to prior art materials, the materials according

to the present inventions does not contain and/or are less prone to form inclusions of

25 the imdesired ZnSb-phase.

One way of characterising the phase homogeneity of a thermoelectric material is by

expressing the homogeneity in terms of a spatial Seebeck microprobe scan. The inven-

tive materials according to the present invention may be characterised in that the mate-

30 rial exhibits a single peak in a spatial Seebeck microprobe scan. The homogeneity of

the material can be characterised via measures of the width of the single peak of the

best fitted curve as expressed in the equation (i) below:

(i) y = yo + (A / (w , {%l2f)) , exp( -2 . (ix-xc)/wf)

SUBSTITUTE SHEET (RULE 26)
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(see section below for an explanation as to the various factors appearing in equation

(i)).

5 Accordingly, in the present application the width, w is the width of the peak at maxi- -

mum S/Ve, where e is the exponential coefficient, and the materials according to the

invention may be characterised in that said materials have a homogeneity as expressed

by the width, w of the peak at maximum S/Ve of the best fitted curve of a spatial See-

beck scanning of 15 p,VK'' or less. In the present description and in the appended

10 claims the term "width, w of the peak at maximum S/Ve" means width of the peak at

the position ofthe height of the peak divided by Ve. The reason for using this measure

is that it is an appropriate measure derived fi:om the best fitted Gauss-curve obtained

firom processing the measured data.

1 5 Hence in addition to x-ray powder diffraction analysis, the spatial Seebeck microprobe

scan may present a usefiil method for evaluating on a preliminary basis, the usefiilness

of a potential thermoelectric material.

As set out above, the inventive thermoelectric material in addition of being of the

20 stoichiometric formula Zn^Sba, also comprises material of the stoichiometric formula

Zn4Sb3 wherein part of the Zn atoms are substituted by one or more elements selected

fi-om the group comprising Sn, Mg, Pb and the transition metals in a total amount of

20 mol% or less in relation to the Zn atoms ofZo^tSbj.

25 The elements referred to as "transition elements" in Ihe present description and the

appended claims are to be understood as the group comprising the following elemaits:

Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd, La, Hf, Ta,

W, Re, Os, Ir, Pt, Au, Hg, and Ac.

30 The positive effect of doping a transition metal into the compound is at least two-fold.

Firstly, it will lower Ihe lattice thermal conductivity by introducing disorder in the

structure. Secondly, it may introduce d-bands firom the transition metal just below the
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Fermi level. An asymmetric band structure near the Fermi level leads to an increased

Seebeck coefficient.

However, whether the thermoelectric materials according to the present invention are

5 doped or not, it is important that they exhibit a phase diagram showing a peritectic

reaction: Preferably they exhibit a phase diagram showing a peritectic reaction ana-

logue to Zn4Sb3

It should be noted that in the present application and in the appended claims, the term

10 "a material having the stoichiometric formula Zn4Sb3" is to be interpreted as a material

having a stoicliiometry which traditionally and conventionally has been termed Zn4Sb3

and having a Zn4Sb3 crystal structure. However, it has recently been found that these

materials having the Zn4Sb3 crystal structure contain interstitial zinc atoms making the

exact stoichiometry Zujj s2Sbio, equivalent to the stoichiometry Zn^^^f^Sh^^ (cf Disor-

15 dered zinc in Zn4Sb3 with Phonon Glas, Electron Crystal Thermoelectric Properties,

Snyder, G. J.; Christensen, M.; Nishibori, E.; Rabiller, P.; Caillat, T.; Iversen, B. B.,

Nature Materials 2004, 3, 458-463; and Interstitial Zn atoms do the trick in Thermoe-

lectric Zinc Antimonide, Zn4Sb3. A combined Maximum Entropy Method X-Ray

Electron Density and an Ab Initio Electronic Structure Study, Caglioni, F.; Nishibori,

20 E.; Rabiller, P.; Bertini, L.; Christensen, M.; Snyder, G. J.; Gatti, C; Iversen, B. B.,

Chem. Eur. J. 2004, 10, 3861-3870). In the the present application and in the appended

claims liie optional substitution of one or more elements selected from the group com-

prising Sn, Mg, Pb and the transition metals in a total amount of 20 mol% or less in

relation to the Zn atoms is based on the amount ofZn atoms ofthe exact stoichiometry

25 Zn4Sb3. Accordingly, the stoichiometry of a material according to the present inven-

tion having the maximum degree of substitution ofmetal X is Znj jXq gSbj.

In one preferred embodiment of the present invention tiie inventive thormoelectric

material has the stoichiometric formula Zn4Sb3.

30

In another preferred embodiment of the thermoelectric material according to the pre-

sent invention, a part of the Zn atoms of the material having the stoichiometric for-

mula Zn4Sb3 has been substituted with Mg.
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In a further and preferred embodiment of the thermoelectric material according to the

present invention, a part of the Zn atoms of the material having the stoichiometric

formula Zn4Sb3 has been substituted with Cd.

5 In a still further and preferred embodiment of the thermoelectric material according to

the present invention, a part of the Zn atoms of the material having the stoichiometric

formula Zn4Sb3 has been substituted with Hg.

In a yet still further and preferred embodiment of the thennoelectric material accord-

10 ing to the present invention, a part of the Zn atoms of the material having the

stoichiometric formula Zn4Sb3 has been substituted with Pb.

In another and preferred embodiment of the thermoelectric material according to the

present invention, a part of the Zn atoms of the material having the stoichiometric

1 5 formula Zn4Sb3 has been substituted with Sn.

In yet a still further and preferred embodiment of the thermoelectric material accord-

ing to the present invention, a part of the Zn atoms of the material having the

stoichiometric formula Zn4Sb3 has been substituted with Mg; and a part of the Zn at-

20 oms has been substituted with Cd.

It should be understood that in the present application, when the thermoelectric mate-

rial according to the present invention has the stoichiometric formula Zn4Sb3 wherein

part of the Zn atoms is substituted by one or more elements selected from the group

25 comprising Sn, Mg, Pb and the transition metals, the amoimt of the total substitution

may be 20% or less, such as 19% or less, e.g. 18% or less, for example 17% or less, or

16% or less, such as 15% or less, e.g. 14% or less, for example 13% or less, or 12% or

less, such as 11% or less, e.g. 10% or less, for example 9% or less, or 8% or less, such

as 7% or less, e.g. 6% or less, for example 5% or less, or 4% or less, such as 3% or

30 less, e.g. 2% or less, for example 1% or less, or not more than 0.9%, 0.8%, 0.7%,

0.6%, 0.5%, 0.4%, 0.3%, 0.2% or 0.1%; all percentages being mol%.

Furthermore, it should be understood, that when the thermoelectric material according

to the present invention has the stoichiometric formula Zn4Sb3, wherein part of the Zn
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atoms is substituted in an amount of any ofthe above-mentioned percentages, the sub-

stitution may comprise any one or any combination of one or more elements selected

from the group comprising Sn, Mg, Pb and the transition metals. Additionally, it

should be understood that when the substitution comprises two or more elements se-

5 lected from the group comprising Sn, Mg, Pb and the transition metals, the mutual

molar amount ofthese dopant elements may be ofany ratio.

Hence, the thermoelectric materials of the present invention embraces Zn4Sb3 and any

combination of substitution of part of the Zn atoms of one or more elements selected

10 from the group comprising Sn, Mg, Pb and the transition metals in any mutual molar

ratio and in a total amount of substitution of any ofthe above percentages.

By the process for the manufacture of said thermoelectric materials according to the

present invention it has been possible to obtain the above materials, in which the de-

15 gree of phase purity is very high; i.e. the obtained inventive materials show only mi-

nor variations as to the possible various phases of the material.

The process according to the present invention for the manufacture of the inventive

thermoelectric materials is a so-called zone melting process in which an interphase of

20 two materials having different stoichiometrics is melted and in which the obtained

melted zone subesequently is moved in relation to the material so as to obtain the so-

lidified material in a hi^ phase purity.

It has been found that the phase purity ofthe thermoelectric material has a tremendous

25 impact on the decrease of the ZT-value during thermal cycling. Thus, when obtaining

thermoelectric materials according to the present invention which have a high degree

ofphase purity, the "loss" ofthe figure of merit, the ZT-value, during thermal cycling,

is considerably reduced as compared to materials which have not been manufactured

by a zone melting process.

30

The reason for this is not fully understood, but it is believed that the high purity and

homogeneity prevents growth of undesired impurity phases due to the fact that only

minor amounts of crystal "seeds" of undesired crystal structure are present in a mate-

rial having a high degree of phase purity. A lower content of undesired crystal struc-
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tares may make the material less prone to undergo a phase transition during heating

and cooling cycles.

Fig. la, fig. lb and fig. 2 show the effect of thermal cycling of a Zn4Sb3 material on

5 the Seebeck coefficient, S, the electrical conductivity, 0, and ZT-values respectively.

The material was thermally cycled within the temperature range of 50 - 350 °C. It can

be seen that when the material has been thermally cycled a few times, somewhat stable

values are obtained. In Fig. la the lower curve corresponds to the first part of the heat-

ing cycle, and in Fig. lb the upper curve corresponds to the first part of the heating

10 cycle. In the right hand side of Fig. 2 the curves represent firom top to bottom: first

heating cycle, first cooling cycle, second heating cycle, third heating cycle, second

cooling cycle, third cooling cycle.

Fig. 15 shows the physical properties of a zone refined Zn4Sb3 material according to

15 the present invention prior to thermal cycling. The sample subjected to zone refine-

ment was made by a process in analogy with the prior art quench method. Fig. 15

shows that a figure of merit of above 1.1 can be obtained at approximately 400°C and

Fig. 9 shows the physical properties of a zone refined Zn4Sb3 material according to the

present invention (upper curve) after thermal cycling. Fig. 9 shows that a figure of

20 merit of approximately 0.675 can be obtained at approximately 350°C.

Comparing fig. 15 with fig. 9 illustrates the "loss" of figure of merit during thermal

cycling. Fig. 9 indicates that the "loss" of figure of merit is smaller for a zone refined

sample compared to a sample made by a prior art quench method. The same property

25 of "loss" of figure ofmerit during thermal cycling is also illustrated in Fig, 12. Fig. 12

shows that the "loss" of figure of merit during thermal cycling in respect of a Zn4Sb3

material that was made in analogy with a prior art quench method is many timer larger

than the loss" of figure of merit during thermal cycling in respect of a Zn4Sb3 material

that was subjected to zone refinement (compare the difference of curve la (quenched

30 sample prior to thermal cycling) and lb (quenched sample after thermal cycling) with

that of curve 3a (zone refined sample prior to thermal cycling) and 3b (zone refined

sample after thermal cycling) or that of curve 2a (zone refined sample with added Zn

during hot pressing prior to thermal cycling) and 2b (zone refined sample with added

Zn during hot pressing after thermal cycling).
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The high degree of phase purity of the inventive thermoelectric materials has been

confirmed by the above-mentioned spatial Seebeck microprobe scanning method (or

spatial Seebeck scan for short) which is further described below.

5

Bearing in mind that the Seebeck-value, S is defined as dV/dT, wherein dV is the po-

tential difference present on the material, and dT is the temperature difference present

at the position of the material and that the Seebeck-value accordingly is related to the

ability of a thermoelectric material to produce a potential difference when arranged in

10 a temperature gradient, it is implied that a useful thermoelectric material must have a

high S-value.

In a spatial Seebeck scanning method a cross-section of the thermoelectric material is

scanned so as to obtain specific Seebeck-values for very small areas of the cross-

15 section of the material. By plotting the distribution of Seebeck-values - i.e. by plotting

the number of times a specific Seebeck-value is measured as a ftmction of each spe-

cific Seebeck-value - the phase purity can be visualised.

If the obtained curve shows a single, sharp peak a vast majority of each small scanned

20 area exhibits nearly the same Seebeck-value which is indicative of a high phase purity.

If, on the other hand, the curve shows two or more peaks and/or if each peak is not

very sharp, the scanned area of the thermoelectric material seems to be not very ho-

mogeneous as to the distribution of Seebeck-values, which is indicative of a high de-

gree ofphase impurity.

25

It should be noted however, that in the present application the term "peak" of a spatial

Seebeck scan is to be interpreted as the peak ofthe best-fitted curve ofthe distribution

ofthe Seebeck-values measured. This curve is obtained by fitting each accumulated

Seebeck value to the following gauss equation:

30

(i) y = Yo + (A / (w . (idlf)) * exp( -2 , ((x-xc)/w)2)

- wherein yo usually is equal to 0; w is the width; x is Seebeck value, xc is peak value

(=Smedium), and A is the area ofthe curve
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Accordingly, a spatial Seebeck scan may be an easy way to assess on a preliminary

basis the quality of a thermoelectric material in terais of Seebeck-values, and it has

been found that tiie inventive thermoelectric materials according to the present inven-

5 tion which are manufactured by the zone melting process according to the present in-

vention exhibit a single, sharp peak in a spatial Seebeck scan having a homogeneity of

15 [xVK'* or less as expressed by the width, w ofthe peak at maximum S/Ve.

Furthermore the inventive thennoelectric materials according to the present invention

10 which are manufactured by the zone melting process according to the present inven-

tion has improved behavioxor in terms of reduction or "loss" of ZT-value during ther-

mal cycling, as compared to thermoelectric materials which has not been made by a

zone melting process.

15 Fig. 9 shows physical data measured on a Zn4Sb3 material which has not been zone

refined (a quenched material made by a process in analogy to the prior art quench

method); and a zone refined Zn4Sb3 material according to the present invention respec-

tively. The upper curve corresponds to the zone refined material. Both samples have

been thermally cycled until constant values of properties were obtained. In respect of

20 the thermal conductivity measurements the two curves are essentially superimposed.

Fig. 9 shows that zone refining enhances the figure of merit, ZT. At 350 °C the ZT-

value is increased firom 0.4 without zone refining to 0.675 when zone refined. This

corresponds to an increase of approximately 68%.

25 As it appears fi-om the above, the distribution of Seebeck-values, as obtained by a spa-

tial Seebeck scan may in fact be utilised as a qualitative measure of tiie phase purity of

the material. Accordingly, the distribution of the Seebeck-values in the Seebeck scan

can be used for defining a given material.

30 Preferably, the inventive thermoelectric materials according to the presait invention

which are manufactured by the zone melting process according to the present inven-

tion exhibit a single, sharp peak in a spatial Seebeck scan having a homogeneity of 15

|xVK"' or less as expressed by the width, w ofthe peak at maximum S/Ve.
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More preferred, the inventive thermoelectric materials exhibit a single peak corre-

sponding to S > 90 iJ,VK"'. By the term "corresponding to S > 90 |xVK'^" it is under-

stood that the top of the single peak corresponds to a value of S of not less than 90

5 p-VK"' in a spatial Seebeck microprobe scan. Preferably the inventive thermoelectric

materials exhibit a single peak corresponding to S > 100|j,VK"', such as S > 110 |j,VK"^

It should be noted that in this application, when reference is made to a spatial Seebeck

scan of a sample, it is understood that the sample is "pure" in terms of conventional x-

10 ray powder diffraction analysis, i.e. that the total volume fraction of crystalline impu-

rity phases is below quantification level (typically below 1 - 2%).

Fig. 5 visualises the phase purity of a zone refined Zn4Sb3 material according to the

present invention. The sample was scanned along the lengthwise direction. The curve

15 in the upper part of Fig. 5 shows the distribution of Seebeck values in respect of spe-

cific values measured, and in the plot in the lower part of Fig. 5 the distribution is

visualised by way of shade plotting; each shade corresponds to a specific S value. The

homogeneity as expressed by the width, w was found to bel3.7 |j,VK"'.

20 Similarly, Fig. 6 visuaUses the phase purity of a zone refined Zn^Sbj material doped

with 1% Mg according to the present invention. The sample was scanned along the

lengthwise direction. The homogeneity as expressed by the width, w was found to be

5.7 \iYK-\

25 Fig. 10 visualises the phase purity of a quenched Zn4Sb3 material doped with 0.1% Cd

according to the present invention. The sample was scanned along the lengthwise di-

rection. The homogeneity as expressed by the widthw was found to be 6.7 |iVK"'.

The spatial Seebeck scanning method

30

The following section explains how to perform the spatial Seebeck scan.

The Seebeck coefficient is an indirect measure for charge carrier concentration and

thus gives information about the components ofthe investigated material.
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A scamiing Seebeck micro-thermoprobe is a device for measuring the Seebeck coeffi-

cient on a sample's surface spatially resolved, and as explained above this provides

information as to the homogeneity or distribution ofthe components.

5

Measuring principle in the Seebeck microprobe:

With reference to fig. 17 the microprobe for use in a spatial Seebeck scan is explained

below.

0

A sample is divided into two halves by cutting the sample in e.g. a lengthwise direc-

tion using a diamond wire saw.

A heated probe tip (50) is positioned onto the surface of a sample (30), which due to

15 the cutting is exposed. The probe is connected with a thermocouple (40) (in this case a

Cu-CuNi type) measuring the temperatiire Tj. The sample is in good electiical and

thermal contact with a heat sink (20) and also connected with a thermocouple measur-

ing Tq. The probe tip (50) heats the sample in the vicinity of the tip leading to a tem-

peratiire gradient. Tip (50) as well as heat sink (20) is temperatiore controlled and can

20 be moved via linear stages.

Combining the Cu-Cu and the CuNi-CuNi wires of the thermocouples, voltages Uq

and Uj are measured, resulting in tiie following equations:

25 Uo = iSs-Scu)-(ri-To);md

Ui = (Ss-Sc,.Ni)-(Ti-To);

givmg:

30

———- {Scu - Scm) + Scu
,

ui — Uo
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Sj being the Seebeck coefficient ofthe sample at the position ofthe probe tip.

A major prerequisite of the measuring principle is to keep a temperature gradient be-

tween the probe and the sample. A suitable value for the gradient turns out to be

5 around 3 K.

Three linear stages are used to scan the surface in the x-y plane (10) of the sample

with a physically limited resolution of up to 10 |j,m depending on the thermal conduc-

tivity of the scanned material. To achieve the required high resolution, the sample

10 must have good thennal contact to the thermocouple and a heat sink. In this case it is

embedded into a low melting solder (Wood-metal) with the thermocouple.

For additional details relating to the spatial Seebeck scan, reference is made to:

P. Reinshaus, H. SUBmann, M. Bohm, A. Schuck, T. Dietrich, Proc. of the 2nd Euro-

15 pean Symposium on Thermoelectrics - Materials, Processing Techniques and Appli-

cations, Dresden, Germany 1994, 90, which is hereby incorporated as reference.

Although the Seebeck measurements may depend on the calibration of a given appara-

tus, and thus the absolute values may vary, the relative values of the Seebeck coeffi-

20 cients measured for different samples on the same equipment are reliable. Because the

width, w of the peak of the Seebeck scan may be used as a parameter for defining the

phase purity, it is desirably that, the obtained width, w is not instrument-dependent. In

fact, it has tumed out, that the empirically obtained width, w will show little depend-

ence on the exact calibration of the instrument. In other words the width w is inde-

25 pendent on the exact absolute values measured for a given apparatus - it represents a

distribution of values.

Obtaining the figure ofmerit empirically

30 As set forth above, the efficiency ofany thermoelectric material is characterised by the

figure ofmerit,

ZT = S2oT/k,
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where S is the Seebeck coefficient, o the electrical conductivity and k the thermal con-

ductivity and T is the absolute temperature.

In this work, when obtaining the figure of merit, all the factors appearing in the right

5 hand side ofthe above equation were measured separately.

A - Measuring the temperature dependent Seebeck coefficient S

A sample was placed into an oven and contacted with two thermocouples (Pt/PtRh)

10 that have a distance of about 8 mm. One side of the sample is contacted with a heat

sink so that a temperature gradient is created. This temperature gradient leads to the

measured thennopower U(T). Derivating U(T) to the temperature gives the Seebeck

coefficient at the temperature T. The thermopower was measured in a range of differ-

ent temperatures.

15

B - Measuring the electrical conductivitv o

A rectangular sample was placed into an oven and contacted at both opposite faces

with an AC current source. One side perpendicular to these contacts is contacted with

20 two potential probes of tungsten carbide. The measured voltage is proportional to the

electrical conductivity and the current applied to the sample and a geometrical correc-

tion factor. The voltage thus giving the electrical conductivity was measured in a

range of different temperatures.

25 C - Measuring the thermal conductivitv k

The thermal conductivity k is proportional to the density p, the thermal diffusivity X

and the specific heat Cj,, k = p A, Cp.

30 "k was measured with a conmercial laser flash apparatus, Cp was measured with a

commercial DSC (differential scanning calorimeter) and the density results firom the

weight and the geometric dimensions. These parameters which give the thermal con-
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ductivity according to the equation given above were measured in a range of different

temperatures.

All the measured parameters given above were applied according to the equation:

5 ZT = SWk,

- in order to express the figure ofmerit as a function oftemperature.

Processes for the manufacture ofthe inventive thermoelectric materials

A - Zone melting Process

10

15

The improved thermoelectric materials according to the present invention were manu-

factured by a zone melting process.

In this process an interphase between a "non-stoichiometric" material - i.e. a material

which does not obey the stoichiometric fomiula of the desired thermoelectric material

and a "stoichiometric" material having the stoichiometric formula of the desired mate-

rial, is created so as to form an "arrangement", and subsequently a heating zone is es-

20 tabhshed near or preferably around a part of the "non-stoichiometric" material so as to

cause a section of the "non-stoichiometric" material to melt, whereafter the position of

the melted material is moved in relation to tiie materials making up the arrangement in

order to obtain the final product.

25 The interphase is preferably provided in the form of a rod of the "non-stoichiometric"

material, and a "feeding rod" comprising a thermoelectiic material having the

stoichiometric formula which is desired for the final thermoelectiic product. Prefera-

bly die arrangement is obtained by arranging one ofthe materials on top ofthe otiier.

30 In the present application tiie term "rod" is to be interpreted as any kind ofgeometrical

shape which is suitable for the intended purpose, i.e. suitable for forming either the

"non-stoichiometiic" or tiie "stoichiometiic" material to be melted in tiie zone refining

process according to the present invention.
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Subsequently the interphase between tiie two types of material is subjected to a zone

melting, for example by placing this arrangement in the centre ofan induction furnace.

It is however preferred first to enclose the arrangement in a vacuum. This is preferably

achieved by placing the arrangement in an enclosure, such as a quarts tube which sub-

5 sequently preferably is evacuated and closed by melting its ends, thereby forming an

ampoule. In a preferred embodiment the "non-stoichiometric" material is surrounded

by two "feeding rods" thereby forming two interphases between different materials. In

this embodiment - when the arrangement is arranged in an up-right configuration - the

lower "feeding rod" simply acts as a support for the arrangement.

10

Subsequently the zone melting is started by applying power to the fijmace so tiiat the

heat produced at a position corresponding to the interphase between the "non-

stoichiometric" material and one feeding rod melts the material of said interphase.

15 When melting has been observed for about 15 min. the power is slightly lowered, e.g.

over a time span of approximately 10 min. After an additional time span of approxi-

mately 10 min., the ampoule is moved through the heating zone of the furnace at a

very low speed, such as 0.6 - 1.8 mm/h. In this way the melting zone travels through

the material at the same speed. When the melting zone has passed through the entire

20 arrangement, the power is switched offand the arrangement is allowed to cool.

It has been found that when the speed of movement of the melting zone is approxi-

mately 1.0 - 1.5 mm/hour, the obtained zone-melted materials exhibits very high

phase purities and high ZT-values as well as low "loss" of ZT-value during thermal

25 cycling.

At this stage the part(s) ofthe arrangement originating from the "feeding rod(s)" is/are

cut off and the remaining part is hot-pressed as set out below.

30 Since the crystals grown by melting and purified by zone refinement are brittle, sam-

ples were reduced to small sizes, ball milled and then hot pressed with a hot uniaxial

press (HUP). The HUP consists of a vacuum chamber with an oven and a hydraulic

system. Powder is filled into a pressing die of graphite that is mounted between the
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hydraulic plungers in the oven. The temperature and the pressure as well as the trans-

lational displacement ofthe plungers are controlled.

Bulk samples were prepared from powders using the hot uniaxial press (HUP). Since

5 consolidation parameters are strongly dependent on the specific material, several tests

have been performed to discover the most suitable temperature, pressure and duration

for each material. A series of Zn4Sb3 samples was ground and hot-pressed at different

combinations of temperature and pressure to investigate the influence of consolidation

conditions on the thermoelectric properties.

10

Thus, a program of material consolidation has been performed to obtain the most suit-

able pressure, temperature and duration, which was found to be 100 MPa, 370 °C and

30 min. under an inert atmosphere of 500 hPa nitrogen. All materials were ball-milled

in hexane and hot pressed under vacuum. It has turned out that variations in the hot

1 5 pressing parameters may account for variations in the quality of the resulting thermoe-

lectric materials.

In some cases it was found that zinc was lost during pressing or heat treatment (proba-

bly by evaporation). In such cases it has turned out that adding zinc powder prior to

20 HUP pressing improves the thermoelectric properties of the materials. Zinc powder -

if added - was admixed in an amount of 1.2 atom% with the crushed Zn4Sb3 sample

and this mixture was then ball-milled (300 rpm) in hexane for one hour and subse-

quently subjected to the HUP pressing using the above parameters.

25 Fig. 12 shows the figure of merit of thermally cycled Zn4Sb3 materials. Zone refining

(curve 3b) improves the properties of a quenched (curve lb) sample. Addition of zinc

prior to the HUP (curve 2b) fiirfher increases the figure of merit.

The size of the final samples was varied between 16 mm in diameter and 1 mm in

30 thickness for thermoelectric measurements and evaluation and 4 mm in diameter and

3-5 mm in thickness for the module preparation. Also samples with 16 mm diameter

and 3 mm thickness have been prepared for module fabrication. However, the cutting

of the samples may be difficult due to the brittleness of the material. 4 mm diameter

samples can be used directly for the module.
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The importance of the choice of pulling speed in the zone refining method according

to the present invention are illustrated by Fig. 3a, 3b, 4, 5, 7, 8 and 14:

5 Fig. 3a shows the phase purity of a zone refined Zn4Sb3 material in which the pulling

speed during zone refinement was too high. The sample was scanned along the length-

wise direction. Besides of being impvire in terms of the various shades in the shade

plotting, the sample also shows impurity in terms of exhibiting two peaks in the scan,

suggesting the presence oftwo different phase structures.

10

Fig. 3b shows the phase purity of the same sample. The sample was scanned in two

dimensions of a cross section.

Similarly, fig. 4 shows the phase purity of a zone refiined Zn4Sb3 material in which the

1 5 pulling speed during zone refinement was too low.

In contrast, fig. 5 shows the phase purity of a zone refined Zn4Sb3 material in which

the pulling speed during zone refinement was correct (1.2 mm/hour). The sample was

scanned along the lengthwise direction. The sample has a purity as expressed by the

20 width, w ofthe peak at maximum sWe of 13 .7 ^iVK"*

.

Fig. 7 and fig. 8 are x-ray powder diffraction diagrams of zone refined Zn4Sb3 materi-

als in which the pulling speed during zone refinement was too high and too low re-

spectively (the continuous spectrum shows the measured data). The lines in the dia-

25 gram correspond to the ZnSb impurity phase implying that too high and too low pull-

ing speeds respectively in the zone refining methods result in ZnSb-phases in the final

material.

In contrast fig. 14 is an x-ray powder diffraction diagram of a zone refined Zn4Sb3ma-

30 terial in which the pulling speed during zone refinement was correct (the continuous

spectrum shows the measured data). The lines in the diagram correspond to the Zn4Sb3

phase, and correspondence between the lines and the continuous spectrum suggests

that a correct pulling speed in the zone refining method results in the correct Zn4Sb3
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phase in the final material. The sample of fig. 14 was made by a process in analogy

with the prior art quench method foUwed by zone refinement and hot pressing.

5

B - Preparation of the "feeding rods" for use in the zone melting process

Process for the manufacture of "feeding rods"

According to one aspect of the present invention the "feeding rods" for use in the zone

melting process may be obtained by a simple thermal quench process in analogy with

10 the prior art quench method (cf Caillat et al., J. Phys. Chem. Solids, Vol. 58, No 7,

pp. 1119-1125,1997).

In this process Zn pellets, Sb and optionally substituents (selected from the group

comprising Mg, Sn, Pb and the transition metals) in the desired mutual molar ratio, i.e.

15 the ratio which is desired for the final thermoelectric material, are mixed and placed in

an enclosure, such as a quartz tube. Preferably the Zn pellets prior to mixing with the

other components are rinsed in dilute acid, such as dilute HCL, for example 4 M HCl,

whereafl;er they preferably are rinsed in water followed by ethanol and dried with e.g.

a hair dryer. Subsequently the tube is evacuated and closed by melting, tiiereby result-

20 ing in a quarts ampoule. The tube is evacuated to a final pressure of 10'^ - 10"^ bar or

less. The obtained ampoule is then placed in a rotation device inside a fiamace, such as

a tube fiimace. The fiimace is switched on, and the ampoule is rotated so as to ensure

mixing and homogenous heating. Preferably the ampoule is heated firom room tem-

perature to approximately 700 °C at 200 - 400 °C/h. After a few hours, such as 1 - 3

25 hours, preferably 2 hours at this temperature, the ampoule is quickly placed in a vessel

containing water for thermal quenching.

It has in fact been found, that when the quench process is carried out in respect of a

material that has been doped with Mg and/or Cd and possibly also with other dopants,

30 such as Pb, according to the thermoelectric material according to the present inven-

tion, thermoelectric materials are obtained which exhibit excellent properties in terms

of ZT-values and phase purity as expressed by the spatial Seebeck microprobe scan-

ning, even without the zone melting process, which however will further improve the

properties of these materials. The same is true in respect ofundoped Zn4Sb3 material;
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albeit this material when not zone refined exhibits a smaller degree of phase purity

compared to the doped materials.

Thus one aspect according to the present invention relates to a process for the manu-

5 facture of a thermoelectric material according to the present invention comprising the

steps necessary for the manufacture of the "feeding rods" followed by grinding and

HUP pressing.

In a preferred embodiment such "quenched" materials has the stoichiometric formula

10 Zn4Sb3, wherein part of the Zn atoms optionally being substituted by one or more ele-

ments selected from the group comprising Mg and Pb in a total amount of20 mol% or

less in relation to the Zn atoms

Fig. 13 is an x-ray powder diffraction diagram of a quenched Zn4Sb3 material which

15 has not been zone refined (the continuous spectrum shows the measured data). The

lines in the diagram correspond to the Zn4Sb3 phase and the correspondence between

the lines and the continuous spectrum suggests that although the sample has not been

zone refined it nevertheless comprises the correct Zn4Sb3 phase.

20 Fig. 9 shows the effect on physical properties of zone refining (upper curve) and a

quenched Zn4Sb3 material made by a process in analogy with the prior art quench

method, (lower curve). Both samples have been thermally cycled until constant values

of properties were obtained. In respect of the thermal conductivity measurements the

two curves are essentially superimposed. It is seen that zone refining process improves

25 the thermoelectric properties ofthe material.

Fig. 10 shows the phase purity of a quenched Zn4Sb3 material which has been doped

with 0.1 mol% cadmium. The sample was scanned along the lengthwise direction.

Even though this material had not been zone refined, it exhibits excellent phase purity

30 as evidenced by a width, w of 6.7 nVK''.

Similarly, fig. 11 shows the phase purity of a quenched Zn4Sb3 material which has

been doped with 0.1 mol% magnesium. The sample was scanned along the lengthwise
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direction. Even though this material had not been zone refined, it exhibits an excellent

phase purity expressed by the width, w of 12.0 nVK'*.

C - Preparation of the "non-stoichiometric" materials for use in the zone melting proc-

5 ess

According to one embodiment of the present invention, the "non-stoichiometric" ma-

terials may be obtained by mixing the appropriate amounts of Zn and Sb respectively,

then placing this mixture in an enclosure, such as a quartz tube, evacuating and closing

10 said enclosure thereby forming an ampoule and placing the obtained ampoule in a

furnace, such as a tube furnace, whereafter the material is siatered.

The mixing of the components is preferably performed by rotating the component Zn

and Sb in a flask for approximately 1 hour.

15

Preferably the mixture is sintered for approximately six hours. More preferred the

material is sintered for more than approximately 12 hours. It appears that a longer sin-

tering time results in abetter mechanical stability ofthe "non-stoichiometric" material.

The sintering temperature is suitably selected in the range of 400 - 550 °C, such as

20 approximately 400 - 450 °C.

When sintering is completed the ampoule is broken and the material is used as is.

The molar ratio Zn to Sb for the "non-stoichiometric" composition is preferably in the

25 range 57:43 to 51:49, such as 56:44 to 52:48, for example 55:45 to 53:47 such as

54:46. The most preferred molar ratio Zn to Sb for the "non-stoichiometric" composi-

tion is approximately 52:48.

The enclosure containing the "non-stoichiometric" composition is preferably evapo-

30 rated to a final pressure of 10"^ - 10"^ bar or less.

The above inventive process presents an easy and time efficient way to the manufac-

ture of the improved thermoelectric materials according to the present invention. As

revealed by a spatial Seebeck scanning the obtained inventive materials having the
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Zn4Sb3 type structure exhibit a single, sharp peak indicating a high degree of phase

purity (cf. fig. 5, fig. 6, fig. 10 and fig. 11. Furthermore, the thermoelectric materials

according to the present invention exhibiting a single peak in said spatial Seebeck

scanning have been shown to have a Zn4Sb3 type structure (cf. fig 13, fig. 14 and fig.

5 16), And finally, as evidenced by fig. 12 and 15, the thermoelectric materials accord-

ing to the present invention have excellent thermoelectric properties.

Preferably the thermoelectric materials ofthe p-type having the stoichiometric formula

Zn4Sb3, wherein part of the Zn atoms optionally being substituted by one or more ele-

10 ments selected from the group comprising Sn, Mg, Pb and the transition metals in a

total amount of 20 mol% or less in relation to the Zn atoms according to the present

invention prior to thermal cycUng have a ZT at 375 "C of 1.3 or more, such as 1.4 or

more, for example 1.5 or more; or 1.6 or more, such as 1.7 or more.

15 The thermoelectric material of the above type having the stoichiometric formula

Zn4Sb3 according to the present invention prior to thermal cycling preferably have a

ZT at 400 °C of 1.4 or more, such as 1.5 or more, for example 1.6 or more, such as 1.7

or more.

20 When subjected to thermal cycling the thermoelectric materials of the p-type having

the stoichiometric formula Zn4Sb3, wherein part of the Zn atoms optionally being sub-

stituted by one or more elements selected firom the group comprising Sn, Mg, Pb and

the transition metals in a total amount of 20 mol% or less in relation to the Zn atoms

according to the present invention preferably have a ZT at 350 °C of 0.4 or more, such

25 as 0.5 or more, for example 0.6 or more, such as 0.7 or more; or 0.8 or more, such as

0.9 or more, e.g. 1.0 or more.

The thermoelectric materials of the p-type having the stoichiometric formula Zn4Sb3,

wherein part of the Zn atoms optionally being substituted by one or more elements

30 selected firom the group comprising Sn, Mg, Pb and tibie transition metals in a total

amount of 20 mol% or less in relation to tiie Zn atoms according to the present inven-

tion after thermal cycling preferably have a ZT at 400 °C of 0.5 or more, such as 0.6

or more, for example 0.7 or more, such as 0.8 or more; or 0.9 or more, such as 1.0 or

more, e.g. 1.1 or 1.2 or more; for example 1.3 or more, such as 1.4 or more.
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In a general perspective the zone melting process may be applied in the phase refining

of an already existing thermoelectric material showing a peritectic reaction analogue

5 to Zn4Sb3.

Hence, the zone melting process may also be applied in situations in which an im-

proved purity of an aheady existing thermoelectric material is desired. In this case, the

already existing thermoelectric material is simply used as "feeding rod(s)" as generally

10 described above and the already existing thermoelectric material is then subjected to

the zone refining process.

In order to be able to determine a suitable composition of the "non-stoichiometric"

material to be used in the zone melting process in such a situation, the phase diagram

15 of the composition of the material of the "feeding rod" should be consulted.

Fig. 1 8 shows a phase diagram of a material having a binary composition (of element

A and element B) and showing a peritectic reaction analogue to Zn4Sb3. The x-axis

represents the composition ranging (from left to right) ftom pure A to pure B. The y-

20 axis represent the temperature.

The composition of the material of the "non-stoichiometric" rod should be selected so

as to correspond to the projection ofthe liquidus curve "x-m" of fig. 18 on the compo-

sition axis (the x-axis).

25

In the case where the thermoelectric material is a tertiary material (a material com-

posed of three elements), the phase diagram is three-dimensional, and the projection of

the liquidus curve "x-m" will be a two-dimensional surface, etc.

30 A person skilled in the art will be able to obtain information ofthe composition corre-

sponding to a "liquidus" curve for any given thermoelectric material showing a peri-

tectic reaction

SUBSTITUTE SHEET (RULE 26)



wo 2006/128467 PCT/DK2006/000305

30

In a preferred embodiment according to the present invention the zone melting process

according to the present invention is performed on an already existing thermoelectric

material having the composition CoSbj or FeSbj. The phase diagram ofthese thermoe-

lectric materials can be found in M. Hansen, "The constitution of binary alloys",

5 McGraw-Hill Book Company, New York, 1958; and R. D. Elliot, ""The constitution

ofbinary alloys, first supplement", McGraw-Hill, Inc. New York, 1965.

The Manufacture of a Thermocouple

10 In a special embodiment according to the present invention the obtained thermoelec-

tric material is used as the p-t5'pe thermoelectric in a thermocouple. By cutting this p-

type material in suitable sizes and arranging and connecting such a piece of the appro-

priate size together with an n-type thermoelectric material, a thermocouple is obtained

in a way known per se. See for example "Frank Benhard; Technische Temperaturmes-

15 sung; Springer Berlin, 2003; ISBN 3540626727".

The Manufacture of a Thermoelectric Device Comprismg one or more Thermocouples

In a special embodiment according to the present invention one or more of the ob-

20 tained thermocouples is/are arranged in a way known per se in order to obtain a ther-

moelectric device. See for example "Frank Benhard; Technische Temperaturmessvmg;

Springer Berlin, 2003; ISBN 3540626727".

Use ofthe Thermoelectric Device for thermoelectric purposes

25

In another aspect according to the present invention the obtained thermoelectric device

is used for thermoelectric purposes.

Such uses are well-known for a person skilled in the art of thermoelectrics.

30

Examples

In the following examples the chemicals used were:

Zn, 3-8 mm pellets (Merck 8780);
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Sb 325 mesh 99.5% (Alfa Caesar 10099);

Mg "shavings" 99.98% Alfa Caesar 36193

Cd, "shavings", 99.999% Cominco, Canada

Pb, granules, BDH 29014

5 Hg, superpur, Merck 4404

Sn, granules, 4mni, Merck 7806

Example 1 - Synthesis of a Zn^Sbj thermoelectric material by thermal quenching

in analogy to the prior art quench method

10

Small pellets of Zn were cleaned a few seconds in 4M HCl, and subsequently rinsed

first in water and then in ethanol. They were dried with a hair dryer. The Zn pellets

were then weighed (M^^ = 22.83638 g), and placed in a quartz tube (inner diameter =

12,5 mm, outer diameter =15 mm). Additionally, antimony was added (Mg,, =

15 31.89701 g). The tube was evacuated to 10'^ bar and closed by melting resulting in a

quartz ampoule.

This ampoule was placed in a rotation device inside a tube furnace (HEREUS, ROK/A

6/30), and it was rotated consistently during heating so as to ensure mixing and ho-

20 mogenous heating. It was heated from room temperature to 700 °C at 400 °C/h. After 2

hours the ampoule was quickly placed in a water container for thermal quenching,

thereby obtaining a rod.

Fig. 9 shows physical data measured on the Z^tSbj material which has not been zone

25 refined (the quenched material) - the lower curve. The sample has been thermally

cycled until constant values ofproperties were obtained.

Fig. 13 is an x-ray powder diffraction diagram of quenched Zn4Sb3 material (the con-

tinuous spectrum shows the measured data). The lines in tihie diagram correspond to

30 the ZntSbj phase and correspondence between the lines and the continuous spectrum

suggests that it comprises the correct Zn4Sb3 phase.
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Example 2 - Preparation ofMg-doped thermoelectric materials

A range of different Mg-doped materials was made.

5 Following the procedure described in example 1 with the exception of substituting

part of the Zn with Mg: Mz„ = 7.05042 g, M^^ = 0.05406 g, Mgb = 10.04673 g, a 2%

Mg-doped thermoelectric material is obtained.

Similarly, a 0.1% Mg doped Zn4Sb3 material was made. Fig. 1 1 shows the phase purity

10 of this thermoelectric material expressed by the distribution of Seebeck values. The

sample was scanned along the lengthwise direction. Even though this material had not

been zone refined, it exhibits a phase purity expressed by w of 12.0 [xVK"'.

Example 3 - Preparation of Cd-doped thermoelectric materials

15

Following the procedure described in example 1 with the exception of substituting

part of the Zn with Cd: Mz„ = 4.13008 g, = 0.07172 g, Mgb = 5.82651 g, a 1%

Cd-doped thermoelectric material is obtained.

20 Similarly, a 0.1% Cd doped Zn4Sb3 material was made. Fig. 10 shows the phase purity

of this thermoelectric material expressed by the distribution of Seebeck values. The

sample was scanned along the lengthwise direction. Even though this material had not

been zone refined, it exhibits a phase purity expressed byw of 6.7 p,VK'\

25 Example 4 - Preparation of a 1% Hg-doped thermoelectric material

Following the procedure described in example 1 with the exception of substituting

part of the Zn with Hg: Mz„ = 9.74857 g, = 0.302 g, Mgt = 13.74376 g, a Hg-

doped thermoelectric material is obtained.

30
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Example 5 - Preparation of a 1% Pb-doped thermoelectric material

Following the procedure described in example 1 with the exception of substituting

part of the Zn with Pb: Mz„ = 4.16204 g, Mpb = 0.13998 g, Mgb = 5.87129 g, a Pb-

5 doped thermoelectric material is obtained.

Example 6 - Preparation of a 1% Sn-doped thermoelectric material

Following the procedure described in example 1 with the exception of substituting

10 part of the Zn with Sn: Mz„ = 2.0523 g, Ms„ = 0.0366 g, Mgh = 2.8981 g, a Sn-doped

thermoelectric material is obtained.

Example 7 - Preparation of a 1% Mg and IVo Cd-doped thermoelectric material

15 Following the procedure described in example 1 with the exceptions of substituting

part of the Zn with Mg and Cd: Mz„ = 8.43497 g, Mca = 0.14284 g, M^g = 0.03421 g,

Mgb = 12.02077 g, a Mg- and Cd-doped thermoelectric material is obtained.

Example 8 - Synthesis of a Zn4Sb3 thermoelectric material by zone refinement

20

A - Synthesis of a "non-stoichiometric" material

Zn and Sb was weighed in desired stoichiometry of 52 mol% Zn and 48 mol% Sb and

mixed by rotation for about 1 hour (M^, = 16.19581 g, Mgb = 27.84659 g) The mixture

25 was subsequently placed in a quartz tube having same inner diameter as the rod ob-

tained in example 1. The tube was evacuated to 10"* bar and closed by melting. The

resulting ampoule was placed in a vertical tube furnace (HEREUS ROK/A 6/30)

where it is sintered for 12 hours at 400°C and 14 hours at 450 °C.

30 B - Zone melting

In a quartz tube designed for mounting in an induction furnace 18 mm of a rod ob-

tained in example 1 (a "feeding rod") was placed at the bottom. A 10 mm piece of the

sintered "non-stoichiometric" material obtained as described above was placed on top.
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Finally a large "feeding rod", 70 mm, also prepared according to example 1 was

placed on top of the "non-stoichiometric" rod. The quartz tube was closed by melting

a piece of glass at the upper part, which allows mounting on a vacuum pump. The tube

was evacuated to 10'^ bar and closed by melting. The quartz ampoule was placed in a

5 boron nitride (BN) holder at tiie bottom of the induction furnace (TSS model HP crys-

tal growing furnace, 60kW max power). The top of the ampoule was fastened inside

another BN mount, which was screwed into the pulling stick of the furnace. The am-

poule was placed with the induction coil positioned around the "non-stoichiometric"

rod, i.e. this is where the melt zone starts. The coil had three "windings" or coils in an

10 overall conical shape. The top was 38 mm wide, the bottom 20 mm wide. Each coil

was 5 mm thick. Heating was started and melting was observed in about 15 min., and

the power was lowered slightly over 10 minutes. The power input was approximately

3.5 kW (2.5 kV, 1.4 A). After another 10 minutes the ampoule was pulled through the

induction coils at a rate of 1 .2 mm per hour. The melted zone travelled through the

15 coils with the same speed, and the entire synthesis took 73 hours and 25 minutes. Sub-

sequently the zone-refined Zn4Sb3 material was ball-milled under hexane and hot

pressed at 100 MPa, 370 °C and 30 min. under an inert atmosphere of 500 hPa nitro-

gen.

20 Fig. 5 shows the phase purity of this thermoelectric material expressed by the distribu-

tion of Seebeck values. The sample was scanned along the lengthwise direction. The

material exhibits a phase purity expressed byw of 13.7 p,VK

Fig. 15 shows physical data measured on the Zn4Sb3 material which has been zone

25 refined The measurements took place before thermally cycling. At approximately 400

°C the ZT-value is above 1.1.

Fig, 9 shows physical data measured on a Zn4Sb3 material which has not been zone

refined (a quenched material); and a zone refined Zn4Sb3 material according to the

30 present invention respectively. The upper curve corresponds to the zone refined mate-

rial. Both samples have been thermally cycled until constant values ofproperties were

obtained. In respect of the thamal conductivity measurements the two curves are es-

sentially superimposed. Fig. 9 shows that zone refining enhances the figure of merit.
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ZT. At 350 °C the ZT-value is increased from 0.4 wiHiout zone refining to 0.675 when

zone refined which corresponds to an increase of approximately 68%.

Fig. 14 is an x-ray powder diffraction diagram of the zone refined Zn4Sb3 material (the

5 continuous spectrum shows the measured data). The lines in the diagram correspond

to the Zn4Sb3 phase and correspondence between the lines and the continuous spec-

trum suggests it comprises the correct Zn4Sb3 phase.

Example 9 - Synthesis of a Mg-doped Zn4Sb3 thermoelectric material by zone

10 melting

Following the procedure described in example 8 with the exceptions of substituting

part of the Zn with Mg: Mz„ = 29.64571, M^g = 0.11071 g, Mgb = 41.83186g, a Mg-

doped "feeding rod" was obtained.

15

Fig. 6 shows the phase purity of this thermoelectric material expressed by the distribu-

tion of Seebeck values. The sample was scanned along the lengthwise direction. The

thermoelectric material exhibits a phase purity expressed by w of 5.7 |j.VK"^ Fig 16 is

an x-ray powder diffraction diagram of the zone refined Mg-doped Zn4Sb3 material

20 (the continuous spectrum shows the measured data). The lines in the diagram corre-

spond to the Zn4Sb3 phase and correspondence between the lines and the continuous

spectrum suggests it comprises the correct Zn4Sb3 phase.
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CLAIMS

1. A thennoelectric material of the p-type having the stoichiometric formula Zn4Sb3,

wherein part of the Zn atoms optionally being substituted by one or more elements

5 selected from the group comprising Sn, Mg, Pb and the transition metals in a total

amount of 20 mol% or less in relation to the Zn atoms; wherein said material in re-

spect of ZT quality as expressed by the figure of merit, ZT, being stable after thennal

cycling; and wherein said material exhibits a figure of merit, ZT of 0.5 or higher at

350 °C and/or of 0.6 or higher at 400 °C.

10

2. A thennoelectric material according to claim 1, wherein the thermal cycling has

been performed by repeatedly subjecting the material to consecutive temperature in-

creases and decreases within tiie temperature range of 50 - 350 °C.

15 3. A thennoelectric material according to claim 1 or 2, wherein said material at 350 °C

exhibits a figure of merit, ZT of 0.6 or higher, for example 0.7 or higher, such as 0.8

or higher or 0.9 or higher, such as 1 .0 or higher and/or wherein said material at 400 °C

exhibits a figure of merit, ZT of 0.7 or higher, such as 0.8 or higher or 0.9 or higher,

such as 1 .0 or higher, such as 1 .1 or hi^er, or 1 .2 or higher, for example 1 .3 or higher,

20 such as 1 .4 or higher.

4. A thermoelectric material according to any of the claims 1-3, wherein the total

amount of substitution of the Zn atoms is 18 mol% or less, preferably 15 mol% or

less, more preferred 12 mol% or less, still more preferred 10 mol% or less, such as 7.5

25 mol% or less, for example 5 mol% or less, e.g. 2 mol% or less, such as 1.5 mol% or

less, such as 1 mol% or less.

5. A thermoelectric material according to any of the claims 1-3, wherein the material

has the stoichiometric formula Zn4Sb3.

30

6. A thermoelectric material according to any of the claims 1-4, wherein part of the

Zn atoms is substituted witii by one or more elements selected from the group com-

prising Sn, Mg, Pb and the transition metals.
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7. A thermoelectric material according to claim 6, wherein part ofthe Zn atoms is sub-

stituted with Mg, preferably in an amount of2 mol% or less.

8. A thermoelectric material according to claim 6, wherein part ofthe Zn atoms is sub-

5 stituted with Cd, preferably in an amount of 1 mol% or less.

9. A thermoelectric material according to claim 6, wherein part ofthe Zn atoms is sub-

stituted with Mg; and wherein part ofthe Zn atoms is substituted with Cd.

10 10. A thermoelectric material according to claim 6, wherein part of the Zn atoms is

substituted with one or more of the elements selected from the group comprising Hg,

Pb and Sn.

1 1. A theraioelectric material of the p-type having the stoichiometric formula Zn4Sb3,

15 wherein part of the Zn atoms being substituted by Mg and/or Pb in a total amount of

20 mol% or less in relation to the Zn atoms.

12. A thermoelectric material according to claim 1 1, wherein the material prior to ther-

mal cycling has a figure ofmerit, ZT of 1.3 or more at 375 °C.

20

13 A thermoelectric material according to any of the claims 1-12, wherein said mate-

rial exhibiting a single peak in a spatial Seebeck microprobe scan; and wherein said

material has a homogeneity of 15 nVK"* or less as expressed by the width, w of said

peak at maximum S/Ve of the best fitted curve of said spatial Seebeck microprobe

25 scan.

14. A thermoelectric material according to claim 13, wherein said material has a ho-

mogeneity of 13 jiVK"' or less, preferably 11 \iVK'^ or less, such as 9 ^VK'' or less, as

expressed by said width, w of the peak at maximum S/Ve of the best fitted curve of

30 said spatial Seebeck microprobe scan.

15. A thermoelectric material according to claim 13 or 14, wherein said single peak

corresponds to S > 90 |liVK *, preferably S > 100|aVK-\ such as S > 1 10 jxYK-K

SUBSTITUTE SHEET (RULE 26)



wo 2006/128467 PCT/DK2006/000305

38

16. A process for the manufacture of a thermoelectric material according to any ofthe

claims 1-15 comprising the steps:

i) arranging a rod of a "non-stoichiometric" composition consisting of Zn and Sb and

5 one or two "feeding rods" having a stoichiometric composition according to the mate-

rial of claim 1 in such a way that at least one interface is formed between said "non-

stoichiometric" composition and said "feeding rod(s)", thereby forming an arrange-

ment composed by said rods;

10 ii) placing the arrangement obtained in step i) in an enclosure and closing and prefera-

bly also evacuating said enclosure, thereby forming an ampoule;

iii) placing the ampoule obtained in step ii) in a furnace, such as an induction furnace

in such a way that a heating zone is positioned near the rod of the "non-

15 stoichiometric" composition;

iv) heating the rod of the "non-stoichiometric" composition in order to start melting

said rod, thereby forming a melting zone;

20 v) moving the arrangement relative to the heating zone in order to move the position

of the melting zone of the rod arrangement in a direction towards a "feeding rod";

vi) allowing the arrangement to cool;

25 vii) cutting off the part(s) of the arrangement originating jfrom the "feeding rod(s)",

and grinding and hot-pressing the remaining part.

17. A process according to claim 16, wherein the rod of "non-stoichiometric" compo-

sition is obtained by mixing the desired amounts of Zn and Sb respectively, placing

30 the obtained mixture in an enclosure, evacuating and closing said enclosure thereby

forming an ampoule, and finally sintering the mixture contained in said ampoule.
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18. A process according to claim 17, wherein the mixture is sintered for more than

approximately 12 hours at approximately 400 - 550 °C, such as at approximately 400 -

450 °C.

5 19. A process according to any of the claims 16 - 18, wherein the molar ratio Zn : Sb

in the "non-stoichiometric" composition is within the range 57:43 to 51:49, such as

56:44 to 52:48, for example 55:45 to 53:47 such as 54:46.

20. A process according to any of the claims 16 - 19, wherein in step ii) the enclosure

10 is evaporated to a pressure of 1
0"* - 1

0"^ bar or less.

21. A process according to any of the claims 16-20, wherein in step v) the speed of

movement is approximately 1.0-1.5 mm/hour,

15 22. A process for the manufacture of a thermoelectric material according to any of the

claims 16 - 21, wherein the feedings rod(s) is/are provided by a process comprising

the steps:

i) mixing the elements making op the composition of the desired thermoelectric mate-

20 rial having the stoichiometric formula Zn4Sb3, wherein part of the Zn atoms optionally

is substituted with one or more elements selected from the group comprising Sn, Mg,

Pb and the transition metals in a total amotmt of 20mol% or less, and arranging the

resultant mixture in an enclosure;

25 ii) evacuating and closing said enclosure resulting in an ampoule;

iii) heating said ampoule inside a furnace; and

iv) finally quenching the content of said ampoule by contacting said ampoule with.

30 water.

23. A process according to claim 22, wherein the ampoule is heated from room tem-

perature to approximately 700 °C at a rate of200 - 400 °C /h.
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24. A process for the manufacture of a thermoelectric material according to any of the

claims 1-15 comprising tiie steps i) to iv) of claim 22 or 23 followed by grinding and

hot-pressing.

5 25. A process according to claim 24, wherein the thermoelectric material is a thermoe-

lectric material of the p-type having the stoichiometric formula Zn4Sb3, wherein part

of the Zn atoms is substituted by one or more elements selected from the group com-

prising, Mg and Pb.

10 26. A process according to any of the claims 16-25, wherein additional zinc is added

to the grinded material to be hot-pressed.

27. A process for the phase purification of a thermoelectric material composed of at

least two elements, comprising the steps:

15

i) arranging a rod of a "non-stoichiometric" composition and one or two "feeding

rods" in such a way that at least one interface is formed between said "non-

stoichiometric" composition and said "feeding rod(s)", thereby forming an arrange-

ment composed by said rods;

20

ii) placing the arrangement obtained in step i) in an enclosure and evacuating and clos-

ing said enclosure thereby forming an ampoule;

iii) placing the ampoule obtained in step ii) in a ftimace, such as an induction flimace

25 in such a way that a heating zone is positioned near the rod of the "non-

stoichiometric" composition;

iv) heating liie rod of the "non-stoichiometric" composition in order to start melting

said rod, thereby forming a melting zone;

30

v) moving the arrangement relative to the heating zone in order to move the position

ofthe melting zone ofthe rod arrangement in a direction towards a "feeding rod";

vi) allowing the arrangement to cool;
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vii) cutting off Ihe part(s) of the arrangement originating jfrom the "feeding rod(s)",

and grinding and hot-pressing the remaining part;

5 wherein said "feeding rod(s)" comprise(s) (an) akeady existing thermoelectric mate-

rials) made in any kind of process and having a "stoichiometric" composition which

is desired for the phase purified thermoelectric end product; and

wherein said "feeding rod(s)" having a phase diagram showing a peritectic reaction;

10 and

wherein the composition of said "non-stoichiometric" material is within the range cor-

responding to the projection of the liquidus curve "x-m" on the composition axis in

the phase diagram of said "stoichiometric" material.

15

28. A process according to claim 27, wherein the rod of the "non-stoichiometric" com-

position is obtained by mixing the appropriate amounts of the elements making up the

"non-stoichiometric" material, placing the obtained mixture in an enclosure, evacuat-

ing and closing said enclosure thereby forming an ampoule, and finally sintering the

20 mixture contained in said ampoule.

29. A process according to claim 27 or 28, wherein the "feeding rod" has the composi-

tion Zn4Sb3, wherein part of the Zn atoms optionally being substituted by one or more

elements selected from the group comprising Sn, Mg, Pb and the transition metals in a

25 total amount of 20 mol% or less in relation to the Zn atoms; and wherem the "non-

stoichiometric" material has the composition as set out in claim 19.

30. A process according to claim 27 or 28, wherein the feeding rod(s) has/have the

"stoichiometric" composition CoSbj or FeSbj.

30

31. Use of a thermoelectric material according to any of the claims 1 - 15, or a ther-

moelectilc material obtainable by the process according to any of the claims 16 - 30

for the manufacture ofthermocouples.
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32. A thermocouple comprising one or more p-type thermoelectric materials according

to any of the claims 1 - 15, or a thermoelectric material obtainable by the process ac-

cording to any ofthe claims 16 - 30.

5 33. Use of a thermocouple according to claim 32 for the manufacture of a thermoelec-

tric device,

34. A thermoelectric device comprising one or more thermocouples according to claim

10 35. Use of a thermoelectric device according to claim 34 for thermoelectric purposes.
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Fig. 3B
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Fig. 4
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Fig. 5
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Fig. 10
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1. claims: 1-10,13-26, 31-35

Thermoelectric p-type material thermal stable, ZT (figure of

merit) higher than 0.5 at 350degC with stoichiometric

formula Zn4Sb3 optionally doped 20% or less with Sn,Mg, Pb,

transitional metals In rel . to Zn; made by conventional or

zone melting refining method using stoichiometric and

non-stoichiometric Zn-Sb Input materials; use, thermocouples

made of these materials.

2. claims: 11-26,31-35

Thermoelectric p-type material with stoichiometric formula

Zn4Sb3 (optionally) doped 20% or less with Mg and/or Pb in

rel. to Zn; made by conventional or zone melting refining

method using stoichiometric and non-stoichiometric Zn-Sb

input materials; use, thermocouples made of these materials.

3. claims: 27-29,31-35

Method/process of phase purification (i.e. zone melting) of

a thermoelectric p-type material; use, thermocouples made of

purified materials.

4. claims: 27,28,30-35

Method/process of phase purification (i.e. zone melting) of

a thermoelectric n-type material; use, thermocouples made of

purified materials.
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